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Storage rings are used for a variety of science and technology applications - for example as
synchrotron light sources or as colliders for particle physics. In these storage rings, bunched
particle beams circulate for many hours. The motion of a particle can be described in terms of
transverse (betatron) and longitudinal (synchrotron) motions with respect to the reference
particle. Some particles may be lost due to various aperture limitations. The momentum aperture
is defined as the maximum momentum deviation that a particle can have without becoming
unstable and being lost. The momentum aperture is determined by the complex 6-dimensional
dynamics of the particle. Because of the complexity of the dynamics, up to now there have been
unexplained discrepancies between the predicted and measured momentum aperture.

In many cases the momentum aperture is the dominating factor determining the beam lifetime.
Long lifetimes are desirable to users of synchrotron light sources since they increase the
integrated photon flux, reduce the frequency of refills, and improve the stability by reducing
thermal effects. In those storage rings where the dominant lifetime process is Touschek
scattering, the lifetime has a stronger than quadratic dependence on the momentum aperture. The
Touschek lifetime at the ALS of 9 hours is much shorter than the vacuum lifetime of 60 hours, so
the ALS would benefit greatly from a larger momentum aperture. Therefore it is important to
understand what limits the momentum aperture. This knowledge will help improve the
performance of existing light sources as well as to help predict and optimize the performance of
future storage rings.

The particle dynamics [1,2] and momentum aperture [3] have been extensively studied at the
ALS. A schematic of the process leading to particle loss after Touschek scattering is shown in
Fig. 1. Due to Touschek scattering a particle receives a certain energy offset (here 3%). If the
scattering happens at a position of the ring with dispersion, this energy change will also induce a
transverse oscillation (red circle). Due to the tuneshift with energy (chromaticities) and tuneshift
with betatron amplitude, the betatron tunes (i.e. the number of transverse oscillations in one
revolution) of the particle change as well (right part of the figure). Afterwards, the particle
undergoes energy oscillations and slowly damps back to the nominal orbit (green circle).
Because of the chromaticities and the tuneshift with amplitude, the tunes get modulated during
this process and eventually the particle might encounter a resonance or an area of high diffusion
and might be lost.

Tracking particle trajectories using a realistic representation of the ALS lattice confirmed that the
model of particle loss mentioned in the previous paragraph is correct. Fig. 2 shows the trajectory
of a particle tracked for 10,000 turns including the effects of synchrotron radiation. On the left
side, you can see the horizontal and vertical position of the particle. On the right side the betatron
tunes are shown (calculated every 300 turns). At certain times (marked (a) to (c) in Fig. 2) when
the tunes cross resonances, growth of the oscillation amplitude is observed. On some of those
occasions, the particle got very close to the vacuum chamber (x4 mm). Particles with slightly
different initial conditions can be lost.



Amplitude Space Frequency Space

14 8.25
12}
8.2
10}
T sl | 8.15
E -
2 - -
< 6 8.1 /
4t
8.05
2 L
0 : . 8 .
-2 0 2 14.1 14.15 14.2 14.25 14.3
5 [%] v

X

Fig 1: Left: Schematic of particle behavior after Touschek scattering. Initial particle position after being scattered
(red circle) then oscillating in energy and amplitude (solid line) and damping back down to the nominal orbit (green
circle). Right: particle motion tracked in the tune space (vy, Vvy,) showing the effect of tune shift with betatron
amplitude and tune shift with energy. Resonances up to the fifth order are shown.
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Fig 2: Tracking of a particle with synchrotron oscillations and radiation damping (in tune and configuration space).
When the trajectory crosses a region with high diffusion (see labels (a) to (c)), the vertical oscillation amplitude
increases and at (c) the particle gets very close to the vacuum chamber aperture of 4 mm.

The main tools to understand the momentum aperture are two classes of measurements. Both
methods clearly show that the major limitation to the momentum aperture is the transverse beam
dynamics, causing Touschek scattered particles to eventually reach large vertical amplitudes
where they are lost on the vacuum chamber (compare ALS activity report 2000). Analysis of the
measurement data using Frequency Map Analysis allows us to understand the details of the beam
loss - identifying those resonances that limit the momentum aperture. One example using the
nominal ALS lattice is shown in Fig. 3. The left plot shows relative beamloss in the
configuration space formed by energy offset and horizontal oscillation amplitude. One can
clearly see the complicated structure of the boundary of the stable area. The right plot shows the
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Fig 3: Measured momentum aperture in tune (right) and in configuration space (left) for a chromaticity of (§,=0.4,
€,~1.4). Point size indicates relative beam loss and labels point out specific resonance areas responsible for these
losses. Resonances up to the fifth order are shown in the tune space.

same data in frequency space. By recording the tunes of the particles after they have been kicked,
one can clearly identify which resonance areas are causing the beam loss. By using this
information, one can now understand (compare areas A-D in the plots) what caused particular
loss regions. The knowledge gained as a result of these measurements allows us to adjust the
machine parameters to improve the lifetime. For two-bunch operation a better choice of the
linear chromaticities resulted in a 25% increase in the lifetime.
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INTRODUCTION

We have performed the first measurements at the AL S of coherent far-IR bursts coming from
instabilities within a high-current single electron bunch.

The 2-bunch mode operations of the AL S afforded us the opportunity to use the machine while it
was tuned for high currentsin individual electron bunches. We have used a number of
accelerator physics shifts to make measurements with well-controlled setups as well as additional
measurements during normal 2-bunch operations. Recent investigations at other light sources[1-
6] have observed far-IR bursting at high bunch currents. We want to investigate these bursts
more carefully towards the goa of understanding how to make use of high-intensity coherent far-
IR synchrotron light as a new source of far-IR that is many orders of magnitude brighter than the
best presently available sources.

TIME DOMAIN MEASUREMENTS

Asan initial investigation into coherent 14 ' ' ' " 1=102 mA, 15 GeV. Singe bunch |
far-infrared synchrotron radiation we 121
placed aliquid He cooled Silicon = oo mee
Bolometer with integrated pre-amplifiers
just outside a 20 mm diameter diamond
window mounted in the 'switchyard' at
Beamline 1.4. A single extramirror was

Detector Signal (V)

inserted in the switchyard to direct the o oma oo ot oto 000 oz oo
collimated beam through thiswindow into ~ *] ' ' ' 1= 208 m, 15 Gev, Singl bunch ]
the bolometer without disturbing the 2]

alignment of the IR beamlines. A s

digitizing oscilloscope recorded the output £ .

of the detector. We observed large § oo

intensity bursts when the single bunch 8 o]

current was very high. Fig. 1 showstime 021

traces of the bolometer output voltage for om ;2 oo oo om0l 0@ o
three different beam currentsin single 16 ' ' T 40 mA 15 Gev. Single bunch i
bunch operation. Although the bursts ]

seemed to be quasi-random, at certain
currents the bursts occurred within a

Detector Signal (V)

periodic envelope, as evidenced by the ot

middletracein Fig. 1. Theriseand fall 00

times of the bursts were detector limited, e

therefore the damping mechanism may not e S P
be inferred immediately. The single Time (mseo)

Figure 1. Far-IR detector signal vstime for three different
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Figure 2. Bursting observed at 830 MeV which shows a quite
different time envelope.

the RF power from 120 to 1.5 KW.

burstsis approximately 7 mA at 1.5 GeV.
The transition to bunching of the bursts
within a super period occurs at about 27
mA at 1.5 GeV.

Since the bursts seem to be related to high
peak currents within a bunch, reducing the
RF power will lengthen the bunch and
therefore cause the bursts to stop. At 14
mA and 1.9 GeV, the bursts go away by
reducing the RF power from 120 to 90
KW; returning to 120 KW causes the
burststo reappear. At 1.5 GeV and 14
mA, the bursts can be stopped by dropping

A measurement of the bursting at 830 MeV electron energy at 6 mA single bunch current showed
distinctly different time behavior as shown in Fig. 2.

SPECTRAL MEASUREMENTS

By using a combination of filters with the above setup we determined the spectral content of the
bursts was below 100 cm™ (wavelengths longer than 100 microns). To make this more
guantitative, we used the Bruker 66v/S FTIR spectrometer on BL 1.4.2 to measure the bursts that
occur at the very top of the fill during regular 2-bunch mode operations. By quickly averaging
100 interferograms over 50 seconds we integrated long enough to demonstrate the average
spectral content of the bursts. Shown in Fig. 3 isthe measured intensity of the burstsas a
function of wavelength, ratioed to the incoherent synchrotron signal measured at low beam
current. The bursts are peaked at ~27 cm™. This indicates a microbunching within the electron

bunch having a period on the order of T
400 microns (or approximately 30
times smaller than the normal ALS
bunch length). The bursting was
clearly dependent on the beam energy,
with higher intensity at 1.5 GeV. This
isto be expected, as the bunch length
is proportional to E¥?, implying higher
peak currentsat 1.5 GeV than 1.9
GeV, and therefore a greater tendency
for instabilities and hence
microbunching. Overal, the burst
intensity dropped with decreasing
beam current, with the spectral content
remaining essentially unchanged.
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Figure 3. Spectrum of coherent far-IR bursts measured at Bl1.4.2
as the current was decaying.



from instabilities (as measured here) and hopefully in a stable manner. In the near future, we will
make additional measurements using femtosecond sliced electron bunches (in collaboration with
the femtosecond x-ray team at LBNL) which will allow a clean study of coherent emission from
awell known transient short bunch. Because thiswill be alaser pumped measurement with
synchronized optical detection, electron beam instabilities and oscillations will not be a factor.
We have aso collaborated with researchers at Brookhaven National Laboratory and Thomas
Jefferson National Laboratory to measure the coherent far-IR emitted from a bend magnet in their
energy-recovery linear accelerator based infrared free electron laser [ 7] (reported in a separate
compendium abstract).
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INTRODUCTION

We present measurements of both power and spectral content that confirm theoretical predictions
of the generation of 20 watts (average) of broadband THz radiation pulses. The experiments
were performed using the energy recovery linac (ERL) at the Jefferson Lab Free Electron Laser
(JLab FEL)[1]. This facility offers a combination of very short electron bunches (~ 500 fs),
relatively high average beam current (up to 5 ma), and up to a 75 MHz repetition rate.

The THz region, (1 THz = 33cm™ or 4meV), lies in the far infrared spectral range where
conventional thermal sources are very weak. A significant advancement in broadband THz
sources has occurred over the past decade with the advent of coherent THz radiation emission
from photocarriers in a biased semiconductor[5]. An energy per pulse of about 1mJ has been
achieved, implying MW peak powers, but at repetition rates of 1 kHz such that average power
levelsare only 1 mW[5].

The present work describes a different process for producing coherent THz radiation by
accelerated electrons. As schematically shown in Figure 1, electrons are photoemitted from
GaAs, brought to relativistic energies (~ 25 MeV) in alinac and then transversely accelerated by
a magnetic field to produce the desired THz emission as synchrotron radiation. If the electron
bunch dimensions are small (in particular, the bunch length is less than the wavelength of
observation), one obtains a multiparticle coherent enhancement[6,7].

Conceptualy it is easy to understand the many orders of magnitude gain realized in these
experiments by making a comparison with a more conventional (non-relativistic) THz source.
We can compare the power produced per electron, and use Larmor’s formulg[19] for the radiated
power. In CGS unitsit takes the form:

Power =

VWV W\
THz

where e is the charge, ais

fsec the acceleration, c the

laser

GaAs  laser GaAs Pulse THz  speed of light and gis the

pulse ratio of the mass of the

glectron to its rest mass.
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Fig. 1. Comparison between coherent THz radiation generated by a conven- in an acceleration of

tional laser-driven THz source (A) and the relativistic source described here (B).
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Fig. 2. Calculations of the average power emitted by a 10 mm? occurs.  For an electron energy of
2000 K thermal source (dashed), the NSLS VUV ring at BNL 10 MeV (g=21), and withr =1 m, we
(dotted), and the JLab ERL (solid). obtain a dt of about 500 fs, which is
comparable to the bunch length. The resulting spectral content extends up to about 1 THz, the
same spectral range as for case A. Thus, assuming the same number of electrons, the ratio of the
power radiated by the conventional THz generation to the present generation is given by ¢ =
27 10°, with g=21. In practice, the electron energy can be significantly larger, but this simply
adds relatively weak (incoherent) intensity at higher frequencies and leaves the low frequency

(THz) intensity essentially unchanged.
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The results of calculations of the radiation for a conventionally synchrotron, athermal IR source,
and the JLab source are shown in Fig. 2 in units of (average) W/cm™ over the range 1-1,000 cm™,
or 0.03t0 33 THz. The superiority of the JLab ERL in the THz rangeisclear.

EXPERIMENTAL RESULTSAND DISCUSSION

In our experiments, the electrons were generated using the frequency doubled (530 nm) output of
a Coherent Antares model Nd:YLF laser operating at sub-multiples of frequencies up to
74.8 MHz, and with an average power of afew watts incident on a Cs coated GaAs cathode. The
resulting photoel ectrons were accelerated using a DC voltage of 300 kV into a superconducting
linac and accelerated to energies of up to 40 MeV.

The THz radiation was extracted from a dipole magnet of 1 m bending radius immediately prior
to the free-electron laser cavity, the latter being unimportant for these experiments. For the total
power measurements the light exited the accelerator vacuum chamber through a 10 mm aperture
diamond window subtending an angle of 20 © 20 mrad relative to the source point. The
emerging beam was focused onto a calibrated pyroelectric detector, with which the total power
was measured, and which confirmed the predictions of the calculations for this aperture, charge
per bunch and repetition.

The spectral content of the emitted THz light was analyzed using a Nicolet 670 rapid-scan
Michelson interferometer with a silicon beamsplitter and a 4.2K Infrared Laboratories bolometer.
The diamond window on the accelerator was replaced by a larger crysta quartz window to
increase the light collection to 60 © 60 mrad. An 80 cm focal length spherical mirror produced a
48 mm diameter collimated beam compatible with the Nicolet 670 interferometer optics. A
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curve for abunch length of 500 fsin Fig. 3. We have scaled the data to fit the theory on the basis
of the absolute power measurements. The spectral onset of the super-radiant enhancement is
clearly seen, and the onset shape is also seen to match closely the theoretical predictions. Note
that the discrepancy on the lower frequency side is due to diffraction effects.
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We have another reference point for determining the absolute power since we were able to switch
sources from the THz emission port to a 1300 K therma source (the spectrometer’s standard
globar source). At afrequency of 12 cm™ we obtained aratio of intensity from the THz source to
that of the globar of 2~ 10%. To compare with the calculation, we multiply the THz source
results by the reduction factor of 550, as discussed earlier. Thisimplies a measured advantage of
the JLab THz source over the globar of 10°. The calculation predicts an enhancement of (0.6 / 6
© 10%) = 10°. While there is apparent agreement, these simple arguments have ignored
diffraction and other effects on the detection efficiency of both sources. However, the result does
indeed affirm the THz power.

We additionally observed the expected quadratic dependence of the coherent THz intensity on
the number of electrons in the bunch, and the intensity ratio for the horizontal to vertical
polarization components was measured to be 5. The expected polarization ratio for 30 cm™ and
60 mrad is about 6, so we consider this to be good agreement.

CONCLUSIONS

We have demonstrated that the short bunches which circulate in energy recovery electron circulating rings
with sub-picosecond electron bunch lengths yield broadband high brightness THz radiation with close to
1 W/cm™ of average power into the diffraction limit and peak powers about 10" times higher than this.
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